An increasing number of transcription factors have been shown to activate DNA replication. However, the underlying mechanism remains to be elucidated. Here it is shown that when tethered to a cellular replication origin, the acidic transcriptional activation domain of the breast cancer protein BRCA1 alters the local chromatin structure and stimulates chromosomal DNA replication. Cancer-predisposing mutations in BRCA1 that abolish transcriptional activation also prevent chromatin remodeling and activation of replication. Chromatin remodeling occurs even in the absence of a functional replication origin. Thus, increasing chromatin accessibility may be an important mechanism used by transcription factors to facilitate multiple nuclear processes. Received December 2, 1998; revised version accepted January 21, 1999. Initiation of eukaryotic DNA replication is enhanced by transcription factors that bind to the vicinity of an origin of replication. This phenomenon is well documented by numerous studies of viral DNA replication in mammalian cells (Van der Vliet 1996) . The fact that one common regulatory factor can stimulate both transcription and replication poses an intriguing mechanistic problem. In vitro biochemical studies with reconstituted chromatin templates have shown that transcription factors activate viral DNA replication by counteracting the inhibitory effect of the nucleosomes (Cheng and Kelly 1989; Li and Botchan 1994) . This, in turn, may facilitate assembly of the replication initiation complex. Furthermore, specific interactions between transcriptional activation domains and components of the basal replication machinery may provide additional mechanisms by which transcription factors activate viral DNA replication (Dutta et al. 1993; He et al. 1993; Li and Botchan 1993 man 1992; Li et al. 1998) . Although these findings suggest functional conservation between activation of viral and chromosomal DNA replication, the exact mechanism by which transcription factors activate cellular replication in vivo remains to be determined. In this report we provide in vivo evidence that chromatin remodeling is an important pathway utilized by transcription factors to activate yeast chromosomal replication. In addition, mutations that abolish chromatin remodeling also severely impair activation of replication and transcription. Therefore, alteration of chromatin structure induced by transcription factors may be a common step in activation of multiple nuclear processes in eukaryotes.
Initiation of eukaryotic DNA replication is enhanced by transcription factors that bind to the vicinity of an origin of replication. This phenomenon is well documented by numerous studies of viral DNA replication in mammalian cells (Van der Vliet 1996) . The fact that one common regulatory factor can stimulate both transcription and replication poses an intriguing mechanistic problem. In vitro biochemical studies with reconstituted chromatin templates have shown that transcription factors activate viral DNA replication by counteracting the inhibitory effect of the nucleosomes (Cheng and Kelly 1989; Li and Botchan 1994) . This, in turn, may facilitate assembly of the replication initiation complex. Furthermore, specific interactions between transcriptional activation domains and components of the basal replication machinery may provide additional mechanisms by which transcription factors activate viral DNA replication (Dutta et al. 1993; He et al. 1993; Li and Botchan 1993) . The proposed role of transcription factors in activation of viral DNA replication is reminiscent of their function in transcriptional activation.
Compared with the viral studies, the role of transcription factors in cellular DNA replication is less well understood. One of the best defined origins of replication in Saccharomyces cerevisiae, ARS1, contains four genetically defined cis-acting elements: A, B1, B2, and B3. The A element is the binding site for an initiator protein complex called origin recognition complex (ORC) (Bell and Stillman 1992) and is absolutely required for ARS function. The B1 element provides an additional ORC binding site and other functions in initiation of replication (Rao and Stillman 1995; Rowley et al. 1995) . The function of the B2 element is not clear. The B3 element contains a binding site for the yeast transcription factor Abf1p. B3, in conjunction with B1 and B2, is required for efficient origin function at ARS1 (Marahrens and Stillman 1992) . Similar to the transcription factors involved in activation of viral DNA replication, Abf1p function in activation of ARS1 replication can be replaced by other transcription factors from a variety of organisms, including viruses, yeast, and mammals (Marahrens and Stillman 1992; Li et al. 1998) . Although these findings suggest functional conservation between activation of viral and chromosomal DNA replication, the exact mechanism by which transcription factors activate cellular replication in vivo remains to be determined. In this report we provide in vivo evidence that chromatin remodeling is an important pathway utilized by transcription factors to activate yeast chromosomal replication. In addition, mutations that abolish chromatin remodeling also severely impair activation of replication and transcription. Therefore, alteration of chromatin structure induced by transcription factors may be a common step in activation of multiple nuclear processes in eukaryotes.
Results

The BRCA1 transcriptional activation domain can activate yeast DNA replication in both plasmid and chromosomal contexts
The carboxy-terminal region of breast cancer protein BRCA1 contains an acidic transcriptional activation domain. When fused to yeast GAL4 DNA-binding domain, this BRCA1 domain can activate transcription in both mammalian and yeast cells (Chapman and Verma 1996; Monteiro et al. 1996) . Interestingly, the transcriptional activation is abolished by cancer-predisposing mutations that occur in this region of BRCA1. We and others have shown previously that several acidic transcriptional activation domains can activate initiation of DNA replication in yeast (Marahrens and Stillman 1992; Li et al. 1998) . To determine whether the BRCA1 activation domain is also capable of activating replication, we tethered it to a replication origin (ARS1) in Saccharomyces cerevisiae via the GAL4 DNA-binding domain. First, a plasmid stability assay was used to determine the effect of GAL4-BRCA1 on a plasmid-borne ARS1 origin (Li et al. 1998) . The test plasmids used in this assay contained a functional centromere (CEN4), a selectable marker gene (URA3), and a modified ARS1 with one GAL4 binding site. Replication efficiency of the plasmid was reflected by the percentage of yeast cells that still retained the plasmid after 14 generations of nonselective growth.
As shown in Figure 1A (lane 1), very few cells (0.5 ± 0.1%) expressing GAL4 DNA-binding domain alone (GAL4-DBD) were able to retain the ARS1-containing plasmid. In contrast, expression of GAL4-BRCA1(1560-1863) resulted in a significant increase in plasmid stability (26 ± 3%; lane 2). This effect was due to the tethering of the activation domain to the replication origin, as no enhancement was detected when the GAL4 binding site at the origin was mutated (0.1 ± 0.1%; lane 3). The BRCA1 activation domain contains two repeats of the so-called BRCT motif, which is present in a variety of proteins involved in repair, replication, and checkpoint control (Koonin et al. 1996) . Deletion of the first BRCT repeat of BRCA1 (amino acids 1560-1759) led to a moderate decrease in activation of origin function (lane 9), whereas removal of the second BRCT repeat (amino acids 1760-1863) completely abolished the ability of GAL4-BRCA1 to stimulate plasmid stability (lane 8).
To determine the effect of tumor-associated BRCA1 mutations on activation of the replication origin, we introduced four cancer-predisposing mutations into GAL4-BRCA1. Three of the missense mutations lead to a single amino acid change (A1708E, M1775R and W1837R), whereas Y1853term results in deletion of the last 10-amino-acid residues of BRCA1. These mutations abolish the transcriptional activation by BRCA1 (Chapman and Verma 1996; Monteiro et al. 1996; Somasundaram et al. 1997; Y. Hu and R. Li, unpubl.) . Western analysis showed that the hemagglutinin (HA)-tagged wild-type and mutant GAL4-BRCA1 fusion proteins were expressed at a similar level in yeast cells (Fig. 1B) . Strikingly, all mutants were defective in stimulating origin function (Fig. 1A, lanes 4-7) . Thus, the cancerpredisposing mutations had the same effect on the BRCA1-dependent activation of transcription and DNA replication.
To confirm the results from the plasmid-based replication assay, we replaced the native ARS1 in chromosome IV with a modified ARS1 that contained five GAL4 binding sites (diagram in Fig. 2A ). First, a chromatin immunoprecipitation assay (Aparicio et al. 1997 ) was used to ascertain binding of the HA-tagged GAL4 derivatives to the modified chromosomal ARS1. As shown in Figure  2A (bottom), all GAL4 derivatives, including GAL4-DBD alone, the wild-type and mutant GAL4-BRCA1, coprecipitated with the modified ARS1 region. In contrast, none of the proteins was associated with the control replication origin ARS305. Thus, all GAL4 derivatives were capable of binding to the GAL4 binding sites on chromosome.
Next, a two-dimensional gel electrophoretic technique was used to directly monitor the effect of the GAL4 derivatives on chromosomal DNA replication. Southern blotting analysis was used to distinguish the following two types of replication intermediates that encompassed the ARS1 origin: those that initiated from ARS1 and therefore traced a characteristic bubble arc, and those that were replicated passively by a replication fork from origins outside the ARS1-containing fragment and therefore traced a Y arc. In the presence of GAL4-DBD alone, very little initiation in the modified ARS1 could be detected, as indicated by a very weak bubble arc (Fig. 2B , panel A). In contrast, expression of GAL4-BRCA1 yielded a much stronger bubble arc (panel B). The same fusion protein did not affect replication efficiency of a control chromosomal origin that lacks GAL4 binding sites (data not shown). Two cancer-predisposing mutants of BRCA1 (M1775R and Y1853term), although capable of binding to the modified chromosomal ARS1 ( Fig. 2A) , failed to activate initiation of replication (Fig. 2B , panels C and D). Taken together, these data establish that the acidic activation domain of BRCA1 can stimulate a eukaryotic replication origin in both plasmid and chromosomal contexts.
Chromatin remodeling is an important step in activation of replication by acidic transcriptional activators
To determine the mechanism by which transcription factors activate cellular DNA replication, we examined the impact of the GAL4-derived activator on chromatin structure at the modified chromosomal ARS1 origin in (Li et al. 1998) . The values are averages of at least four independent experiments. (B) Anti-HA immunoblot of an equal amount of whole-cell extracts from the BP1⌬H strain expressing various GAL4 derivatives.
vivo. The micrococcal nuclease (MNase) digestion pattern around the ARS1 region was analyzed by an indirect end-labeling method (Kadonaga 1998) . In contrast to GAL4-DBD alone (Fig. 3, lanes 2,3) , GAL4-BRCA1 caused prominent changes in the nuclease digestion pattern at the replication origin (lanes 4,5). In particular, a hypersensitive site (band A) was partially protected in the presence of GAL4-BRCA1, whereas the sensitivity of a neighboring site (band B) was greatly enhanced. Notably, cancer-predisposing mutations in the BRCA1 activation domain that abolished activation of replication also abrogated the chromatin remodeling at the replication origin (lanes 6-13).
To determine the causal relationship between chromatin remodeling and activation of replication, we introduced a point mutation into the ARS consensus sequence (ACS) that serves as the binding site for the ORC. This mutation completely abolishes formation of the prereplicative complex (pre-RC) and thereby initiation of replication (Aparicio et al. 1997; Marahrens and Stillman 1994; R. Li et al. unpubl.) . As shown in Figure 4A , alteration of chromatin structure by the GAL4-derived activator was not affected at all by the absence of a functional replication origin (cf. lanes 3 and 4 with 5 and 6). Thus, chromatin remodeling is likely to be a cause, rather than an effect, of active replication.
To confirm that the GAL4-derived activator induces chromatin remodeling, we also carried out a nucleosome array assay (Kadonaga 1998) . As shown in Figure 4B (top), GAL4-DBD alone yielded a DNA ladder indicative of a regular nucleosomal array at the origin (lanes 1-3) . In contrast, the presence of GAL4-BRCA1 led to an apparent DNA smear (lanes 4-6), suggesting disruption of the regularity of the nucleosome array. Furthermore, the BRCA1-triggered loss of a canonical nucleosome array was unaffected by inactivation of the ORC binding site ( Fig. 4B, top; cf. lanes 4-6 with 7-9). When the ARS1-specific hybridization blot was stripped and reprobed with a radioactive fragment corresponding to a genomic region 6 kb upstream of ARS1, regular DNA ladders were observed in all cases (Fig. 4B, bottom) . Therefore, chromatin remodeling by GAL4-BRCA1 was confined to the vicinity of the GAL4 binding sites.
To ascertain that chromatin remodeling is the mechanism that is actually used by endogenous yeast transcription factors to activate a native replication origin, we also examined the nuclease digestion pattern around the wild-type and mutant ARS1 origins that harbor either point or linker substitution mutations in each of the four cis elements ( Fig. 5 ; WT, -A, -B1, -B2, and -B3). These mutations are known to abolish function of the corresponding cis elements in initiation of replication (Marahrens and Stillman 1992, 1994) . As shown in Figure 5 , limited MNase digestion of the wild-type origin resulted in three prominent hypersensitive sites around ARS1 (lanes 1,2). Mutations in A (lanes 3,4) or B1 (lanes 5,6) did not change the overall digestion pattern, although the intensity of the bottom band was somewhat reduced. This may be due to lack of ORC binding in the A and B1 mutants (Bell and Stillman 1992; Rao and Stillman 1995) . Likewise, the B2 mutation (lanes 7,8) slightly reduced the intensity of the middle band but did not affect the global digestion pattern. In contrast, abolishing the Abf1 binding site (B3) caused the most salient changes in the digestion pattern at ARS1 (lanes 9,10). Specifically, the top hypersensitive site disappeared completely, whereas a novel band appeared right above (indicated by asterisks at right). These results suggest that chromatin remodeling may be the mechanism used by the endogenous Abf1p to activate initiation of replication from the native ARS1.
Discussion
The results presented here provide in vivo molecular evidence that chromatin remodeling is an important mechanism of transcription factors to activate cellular DNA replication. This extends and substantiates previous in vitro studies of the transcription factor's role in activation of viral DNA replication (Cheng and Kelly 1989; Li and Botchan 1994) . Taken together, these data strongly suggest that chromatin reconfiguration is a highly conserved feature of transcription factors in activation of eukaryotic DNA replication. It is not yet clear what other factors are required for mediating chromatin remodeling at the cellular replication origins. Nevertheless, in view of the multiple chromatin remodeling systems identified in recent years and their roles in mediating transcriptional activation (Kadonaga 1998) , it seems plausible that such complexes may also play similar functions in activation of DNA replication by transcription factors. In keeping with this notion, it has been shown that structural changes at the SV40 origin of DNA replication in vitro can be mediated by a chromatin accessibility complex (CHRAC) from Drosophila (Alexiadis et al. 1998) .
Mutations in the BRCA1 activation domain that affect chromatin remodeling abolish its ability to activate transcription as well as DNA replication. Moreover, chromatin remodeling persists even in the absence of a functional replication origin. These findings support the notion that chromatin remodeling is a common theme for many, if not all, transcription factors to activate various chromosomal events. In addition to activation of replication and transcription, transcription factors are also known to confer hot spot activity in meiotic recombination in Schizosaccharomyces pombe and S. cerevisiae by virtue of their ability to modify local chromatin structure (Nicolas 1998 ). Context may have an important role in determining which nuclear machinery a transcription factor can stimulate at a particular time and location. This may include the chromosomal region with which the transcription factor is associated (e.g., replication origins vs. transcriptional promoters), the physiological state of the cell in which it functions (e.g., proliferating vs. nonproliferating), and the specific interactions that it may have with components of each basal machinery. In this regard, it is note- worthy that BRCA1 has been implicated in transcription (Chapman and Verma 1996; Monteiro et al. 1996; Somasundaram et al. 1997) , repair (Gowen et al. 1998) , replication, and recombination (Scully et al. 1997b,c) . BRCA1 is associated, directly or indirectly, with chromatinmodifying proteins such as p300, hBRG1 (Neish et al. 1998) , and BRCA2 (Chen et al. 1998 ), which itself is associated with histone acetyltransferase activity (Fuks et al. 1998; Siddique et al. 1998 ). In addition, BRCA1 also interacts with components of transcription and repair machineries, such as the mammalian RNA polymerase II holoenzyme (Scully et al. 1997a ) and RAD51 (Scully et al. 1997b) . Therefore, it is conceivable that the chromatin remodeling activity associated with the BRCA1 activation domain may be an important feature of the multifunctional protein in regulation of different chromosomal events.
Although the yeast replication assays show that the BRCA1 activation domain is capable of activating a cellular replication origin, direct involvement of BRCA1 in mammalian DNA replication remains to be established. Nevertheless, a role of BRCA1 in replication, at least under certain physiological conditions, would be consistent with several S-phase-specific behaviors of BRCA1. Scully et al. (1997b) report that BRCA1 forms discrete nuclear foci in S-phase cells. Following DNA damage, BRCA1 foci in S-phase nuclei are dispersed, and BRCA1, together with the repair protein RAD51, colocalizes with proliferating cell nuclear antigen (PCNA), an essential replication protein (Scully et al. 1997c ). In addition, when quiescent cells are induced to proliferate, both the total protein and phosphorylation levels of BRCA1 increase in late G 1 phase and reach a maximum in S phase (Chen et al. 1996; Jin et al. 1997; Scully et al. 1997c ). Finally, the homozygous Brca1 knockout mice are embryonic lethal at an early stage right before the first proliferative burst required for the development (Gowen et al. 1996; Hakem et al. 1996; Liu et al. 1996) . These observations suggest a role for BRCA1 in S-phase progression, repair, and checkpoint control. It has been well documented that proteins with dual functions in replication and damage response provide important links between the replication machinery and the checkpoint pathways. For example, two other members of the BRCT domain family, Cut5/Rad4 in fission yeast and Dpb11 in budding yeast, are essential for promoting chromosomal DNA replication as well as S-phase checkpoint (Saka and Yanagida 1993; Araki et al. 1995) . In a similar manner, the connection of BRCA1 with replication, repair, and checkpoint may ensure high fidelity of DNA replication and orderly S-phase progression in mammalian cells.
Materials and methods
Plasmids and yeast strains
The test plasmid for the plasmid stability assay (pARS1/-B23/G24) was described previously (Li et al. 1998) . To construct the vectors for expression of the GAL4 fusion proteins in yeast, the wild-type and mutant BRCA1 sequences were amplified by a standard PCR method and cloned into the XbaI and BamHI sites immediately downstream of the GAL4(1-94) sequence in the CUP1 vector (Li et al. 1998) , which was then integrated into the LEU2 locus on chromosome.
The yeast strain used for the plasmid stability assay BP1⌬H was described previously (Li et al. 1998) . To construct the yeast strains that contain the modified chromosomal ARS1 sequences (5xG/-B and 5xG/-A/-B), an XbaI-HindIII fragment bearing five GAL4 binding sites from G5BCAT (Lillie and Green 1989) was used to replace a 119-bp genomic sequence (616-735; coordinates according to Marahrens and Stillman 1992) immediately upstream of the B3 element of ARS1. The mutations at the corresponding four cis elements of ARS1 are 860T-G (A), XhoI linker substitutions at 835-842 (B1), 798-805 (B2), and double point mutations at 756 and 758 (B3) (Marahrens and Stillman 1992) . A pop-in and pop-out gene replacement method was used to replace the wild-type ARS1 sequence in the BP1⌬H strain with the modified ARS1. The resulting strains were named RL1 (5xG/-B) and RL5 (5xG/-A/-B), respectively.
The yeast strains that were used in the nuclease digestion experiment shown in Figure 5 were described previously (Marahrens and Stillman 1994) . The parental strain is SP1 (MATa, his3, 113, ade8, can1) . The mutations in the cis elements of ARS1 are the same as described above for the RL1 and RL5 strains.
Immunoblotting, plasmid stability assay, and two-dimensional gel electrophoresis These assays were performed as described previously (Li et al. 1998) , except that all liquid media contained 100 µM copper sulfate for induction of the GAL4 derivatives. An anti-HA antibody (12CA5) was used in the immunoblotting.
Chromatin immunoprecipitation assay
The chromatin immunoprecipitation assay was performed as described previously (Aparicio et al. 1997) . The sequences for the PCR primers will be provided on request. A high-affinity anti-HA antibody from Boehringer Mannheim was used for immunoprecipitation.
MNase digestion assays
The assays were adapted from a published protocol for in vivo footprint analysis (Huibregtse and Engelke 1991) , with the following modifications. The lysed spheroplasts were treated with MNase (Worthington) at a final concentration of 50 U/ml for 2 and 5 min in Figures 3, 4A , and 5, and 2, 5, and 10 min in Figure 4B . For the indirect end-labeling assay, genomic DNA was digested with EcoRI, resolved by agarose gel electrophoresis, and probed with a 358-bp RsaI-EcoRI fragment 3Ј to the ARS1 sequence. For the nucleosome array experiment, genomic DNA was resolved by electrophoresis without prior restriction digestion and probed with an EcoRI-HindIII ARS1-containing fragment from pARS1 (Marahrens and Stillman 1992) or a SalI-HindIII fragment 6 kb upstream of the ARS1 region.
